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ABSTRACT 
Tropical Storm Lee produced 25-36 cm of rainfall in north-central Pennsylvania on 
September 4th through 8th of 2011.  Loyalsock Creek, Muncy Creek, and Fishing Creek 
experienced catastrophic flooding resulting in new channel formation, bank erosion, 
scour of chutes, deposition/reworking of point bars and chute bars, and reactivation of the 
floodplain.  This study was created to investigate aspects of both geomorphology and 
sedimentology by studying the well-exposed gravel deposits left by the flood, before 
these features are removed by humans or covered by vegetation.  By recording the 
composition of gravel bars in the study area and creating lithofacies models, it is possible 
to understand the 2011 flooding.  Surficial clasts on gravel bars are imbricated, but the 
lack of imbrication and high matrix content of sediments at depth suggests that surface 
imbrication of the largest clasts took place during hyperconcentrated flow (40-70% 
sediment concentration).  The imbricated clasts on the surface are the largest observed 
within the bars.  The lithofacies recorded are atypical for mixed-load stream lithofacies 
and more similar to glacial outburst flood lithofacies.  This paper suggests that the 
accepted lithofacies model for mixed-load streams with gravel bedload may not always 
be useful for interpreting depositional systems. 
 
A flume study, which attempted to duplicate the stratigraphy recorded in the field, was 
run in order to better understand hyperconcentrated flows in the study area.  Results from 
the study in the Bucknell Geology Flume Laboratory indicate that surficial imbrication is 
possible in hyperconcentrated conditions.  After flooding the flume to entrain large 
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amounts of sand and gravel, deposition of surficially imbricated gravel with massive or 
upward coarsening sedimentology occurred.  Imbrication was not observed at depth.  
These experimental flume deposits support our interpretation of the lithofacies discovered 
in the field. 
 
The sizes of surficial gravel bar clasts show clear differences between chute and point 
bars.  On point bars, gravels fine with increasing distance from the channel.  Fining also 
occurs at the downstream end of point bars.  In chute deposits, dramatic fining occurs 
down the axis of the chute, and lateral grain sizes are nearly uniform.  Measuring the 
largest grain size of sandstone clasts at 8-11 kilometer intervals on each river reveals 
anomalies in the downstream fining trends.  Gravel inputs from bedrock outcrops, 
tributaries, and erosion of Pleistocene outwash terraces may explain observed variations 
in grain size along streams either incised into the Appalachian Plateau or located near the 
Wisconsinan glacial boundary.  
 
Atomic Mass Spectrometry (AMS) radiocarbon dating of sediment from recently scoured 
features on Muncy Creek and Loyalsock Creek returned respective ages of 500 BP and 
2490 BP.  These dates suggest that the recurrence interval of the 2011 flooding may be 
several hundred to several thousand years.  This geomorphic interval of recurrence is 
much longer then the 120 year interval calculated by the USGS using historical stream 
gauge records. 
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INTRODUCTION 
 
On September 4th through 8th of 2011, Tropical Storm Lee produced 25-36 centimeters of 
rainfall over Loyalsock Creek, Muncy Creek, and Fishing Creek, which are tributary to 
the West or North Branches of the Susquehanna River (Figure 1).  The storm produced 
catastrophic flooding that resulted in the deposition and reworking of large gravel bars, 
channel scour, and changes to channel locations and patterns.  It was the storm of record 
for all three rivers, and achieved a recorded discharge above 100-year exceedance 
estimates based on historical USGS stream gauging records.  The high water caused 
channel avulsions in the headwaters and the reactivation of the floodplain and abandoned 
channels.  Channel avulsions occur when water levels are high enough to exceed the 
banks of the steam.  Avulsions often form chutes, which are new channels that cut of 
meander bends and allow a more direct path of flow for floodwater.  The flood also 
deposited large amounts of gravel on point bars, which are located on the inside of river 
bends.  Due to the great amount of bedload and multi-channel patterns, it is necessary to 
classify these rivers as mixed-load (Schumm 1981) or wandering rivers (Church 1983).  
Mixed-load rivers lie between meandering rivers and braided rivers in terms of stability, 
bedload, and sediment size. In general, meandering rivers are single sinuous channels 
with a low amount of bedload, while braided rivers have high bedload and unstable, 
multi-threaded channels.  Wandering river types carry enough gravel bedload that they 
can avulse and migrate rapidly at river bends, creating zones referred to as a disturbance 

  
Figure 1:  An index map of watersheds in the study area, highlighted in 
blue.  The Loyalsock Creek (Loy), Muncy Creek (Mu), and Fishing 
Creek (Fi) watersheds are included in this study.  The Lycoming Creek 
(Ly) watershed was mapped for this study, but was not selected for 
inclusion since flooding was not as severe on Loyalsock Creek.  
Physiographic provinces are labeled in orange.  This image is courtesy 
of D. Rockwell. 

  
reaches (Jacobsen 1999).  The stability of these disturbance reaches is low, and they often 
appear similar to braided morphology. 
 
The 2011 flood presented a rare opportunity to study the impacts of severe flooding on 
gravel-bed streams in humid temperate watersheds.  Recent changes to rivers could be 
easily observed, and well-exposed unvegetated gravel bars were accessible for study.  By 
using principles from the fields of geomorphology and sedimentology, interpretations of 
the recent deposition were used to benefit both fields.   With residents quickly repairing 
flood damage and clearing gravel, this study gathered data before all opportunity to 
understand the rare flooding was lost.  Spatial variation of sediments and the composition 
of gravel bars recorded in the study area were used to examine the impacts of the 2011 
flood and improve our understanding of the ancient sedimentary record.  Sedimentary 
findings of this paper can help prevent misinterpretations by sedimentologists working in 
ancient fluvial conglomerates, and provide new information for sedimentary studies.  
Data for large floods in the Appalachian Plateau is limited due to their scarcity, and any 
new data is important for geomorphologists studying humid temperate watersheds and for 
local flood recovery efforts. 
 
Questions for Study 
 
This study will address the following research questions: 

  
1) What spatial changes in surficial properties occur on gravel features?  This study aims 
to discover whether lithified point bars can be readily distinguished from lithified chute 
bars by lateral variation.  Typical point bars fine laterally away from the channel (Smith 
1974).  Does this hold true in the study area, and how do lateral clast sizes and 
imbrication compare between bar types in general? 
 
2) How does the sedimentology of the gravel deposits in these gravel-bed streams 
compare to general fluvial lithofacies models used by sedimentologists?  Most 
importantly, are the lithofacies models for the 2011 flooding similar to the typical mixed-
load stream lithofacies (Rice et al. 2009)?  Or are they more comparable to the lithofacies 
of another depositional process?  Mixed-load stream deposits are typically massive planar 
gravels and interbedded sands (Hicken 1993). 
 
3) Is it possible that the streams in the study area experienced hyperconcentrated flow due 
to the quantity of sediment moved during the 2011 flood?  Hyperconcentrated flow is rare 
in low gradient humid temperate streams, and is usually associated with mountainous 
tributaries or lahars, a type of volcanic flooding event (Bodoque et al. 2011).  Evidence 
for hyperconcentration would indicate that a tremendous amount of sediment is available 
to the study streams.  
 
4) Are there inconsistencies in downstream fining of coarse sediments in the study area?  
If so, what are the causes of these inconsistencies?  In the geomorphic community it is 

  
established that downstream fining does not always occur locally due to bedrock input of 
large clasts (Rengers & Wohl 2006); however, the principle of downstream fining is often 
used in sedimentary provenance studies as a representation for transportation distance 
from a source terrain, even over tens of kilometers (Rice 1999).   
 
5) What is the geomorphic recurrence interval for the 2011 flood?  Determining the 
recurrence interval using field-based geomorphic evidence can provide a more accurate 
estimation of the percentage that a flood of 2011 magnitude will occur during any given 
year.  The USGS estimated a recurrence interval of 120 years, but historical gauging data 
is only available for 85 years before the flood, so the USGS estimate includes significant 
extrapolation.  Any new information may be helpful to residents and local governments 
of the study area. 
 
Methods Summary 
 
Due to the wide range of research in this study, it is necessary to include a summary of 
the methods used to answer each question.  Question 1 involved recording the size, 
composition, and imbrication of surficial clasts on gravel bars along transects.  Transects 
were used to quickly gather unbiased data about gravel bar surfaces.  Data was gathered 
from both chute and point bar deposits.  Questions 2 and 3 involved creating lithofacies 
models for 2011 flood deposits and comparing them to published sedimentary lithofacies 
models.  Lithofacies models are diagrams used to illustrate and communicate the 

  
sedimentary layers of a deposit.  They are often used in both geomorphic and 
sedimentary studies.  Portions of several deposits were excavated in order to create 
lithofacies models for 2011 flood bars.  A flume study was created to duplicate the 
lithofacies found in the field, in order to confirm a depositional hypothesis.  Question 4 
involved visits to numerous point bars on each stream included in this study, and 
recording size and composition data about the clasts that composed the gravel bar 
surfaces.  Finally, Question 5 includes information about the geomorphic recurrence 
interval of the Tropical Storm Lee flooding, which involved the use of AMS radiocarbon 
dating of flood-eroded landforms. 
 
SURFICIAL CLAST VARIATION ON GRAVEL BARS 
 
Methods 
 
Maps of recent flood deposition on Loyalsock Creek, Muncy Creek, and Fishing Creek 
were created from aerial photographs and used to locate features suitable for detailed 
examination in the field (Figure 2).  These maps covered more than 250 km of stream 
channels, and documented the changes that occurred on these streams between summer 
2011 and shortly after the September flood.  Criteria for field study included large 
surficial area and ease of access.  Features that well represented chute bars or point bars 
were selected (Figure 3).  Transects of clast data, of varying length, were recorded on 
gravel bars (Figure 4), and laid out with a measuring tape.  These transects were set up to 

  
 
 
 
Figure 2:  Example of geomorphic post-flood mapping done on Loyalsock 
Creek.  This image is courtesy R. C. Kochel.  Colors indicate various 
geomorphic features.  The large pink feature in the center is the chute 
documented at Site 1 near Hillsgrove, PA.  Blue is the active channel, and 
green is the extent of the high water during the 2011 flood.  Flow is toward 
the south. 

  
Figure 3:  Collection sites for surficial data and lithofacies data, marked 
with yellow circles.  The numbers in blue represent the distance, in 1000’s 
of meters, from the mouth of each creek.   

  
Figure 4:  An example of a surficial measurement in progress.  At each meter 
along the measuring tape, three clast sizes were recorded.  Clasts at the middle 
and ends of the pictured meter stick were measured.  Then the meter stick was 
moved to the next meter, and the process was repeated. 

  
allow for maximum coverage of each bar in a reasonable amount of time.  Each recorded 
three clasts per meter (long, intermediate, and short axis, roundness) and one imbrication 
(strike and dip).  Strike and dip of clasts were measured on the flattest part of the 
upstream facing surface of each clast (most clasts had at least two planar surfaces).  
Sample clasts were randomized by measuring one clast from under the measuring tape 
and using a meter stick centered on the measuring tape to select two additional clasts 
located 50 cm away each side of the tape.  This served to avoid biasing the measurement 
data.  Data from the field was organized and plotted into graphs and tables using 
Microsoft Excel and SigmaPlot.  Using ArcGIS, collection lines and data were added to 
maps to create a visual representation for analysis. 
 
Results 
 
Two sites of surficial transect data were used for analysis: one chute on Loyalsock Creek 
and one point bar on Muncy Creek (Figures 5-7).   
 
Chute 
 
Measurements of gravels in the chute bar indicate that lateral clast size variation across 
large chutes is low (Figure 8), and only along the edges is there a decrease in clast size.  
Small lobes of gravel, part of the much larger chute complex, exhibited lateral fining in 
some cases (Figure 9).  These progradational lobes are easily distinguished from large 
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Figure 5:  This map shows an overview of the current chute at Site 1 on 
Loyalsock Creek.  The chute is in pink, gravel bars are in orange, and the river 
channel is in blue.  Flow is to the south.  Gravel pits where lithofacies were 
observed are marked with a green square, and the numbers correspond to the 
lithofacies diagrams in Figure 16.  Letters correspond to groups of surficial 
measurement lines pictured in Figures 8 and 9.  The chute avulsed through an 
artificial berm near Line A. 

  
Figure 6:  An aerial image of the lower portion of Site 1 taken by 
helicopter on November 3rd, 2011 (photo by R. C. Kochel).  Loyalsock 
Creek flows to the right in this picture, and the chute can be seen between 
the flow indicator and the building complex.  Not pictured is the avulsion 
site, which is out of the picture to the left.  A map of the full site can be 
found in Figure 5. 
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Figure 7:  An aerial image of Site 2 taken by helicopter on November 
3rd, 2011 (photo by R. C. Kochel) on Muncy Creek.  Flow is direction 
is marked on the point bar with an arrow.  Note the gravel scarp 
toward the tail of the bar; this was the main reason the site was 
chosen.  A map of this site can be found in Figure 16. 
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Figure 8:  Lines A, B, C and D at Site 1 on a chute on Loyalsock Creek.  See 
Figure 3 for Site 1 location.  Line A is near the avulsion, Line B is in the middle, 
Line C is near the end of the chute, and Line D is near at end of the chute.  Note 
the blue dots and corresponding numbers on each lateral transect.  The numbers 
represent an average clast size in centimeters from several meters of measurements 
along the lines.  Note that the overall clast size is not laterally variable.  Toward 
the edges of the chute, there is a fining trend. 
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Figure 9:  Line E at Site 1 includes of two transects of 
measurement across a gravel lobe near the point of avulsion. Each 
lobe is in the chute complex.  Note the blue dots and 
corresponding numbers on each lateral transect.  The numbers 
represent an average clast size in centimeters from several meters 
of measurements along the lines.  Lateral fining occurs in this 
location toward the east of the chute.  This feature is smaller than 
the chutes and point bars of the rivers in this study. 
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chutes due to their small width.  Axially along the chute complex, grain size decreases 
from the avulsion point of the chute to the distal end.  Imbrication in the chute varies 
from the avulsion site to the downstream end.  Near the avulsion, rose diagrams of 
imbrication show a wide range of current directions, some with strong bimodal currents 
(Figure 10).  This suggests high turbulence at the surface of these avulsion sites.  At Site 
1, imbrication far from the avulsion is more uniform, due to less turbulence and slower 
flow (Figure 11).  Imbrication appears to be more developed with distance from the 
avulsion point.  Measures of the mean size of the largest clasts at Site 1 shows a dramatic 
decrease in grain size with downstream distance from the point of avulsion (Figure 13-
15).  Largest clast sizes drop from 95 cm to 40 cm in the first third of the chute, and then 
remain at 30-40 cm from this point on (Appendix 1).  This dramatic fining over such a 
short distance is not expected in large mixed-load streams (Powell 1998), and could cause 
misinterpretations if preserved in the sedimentary record.  It is more similar to the rapid 
deposition cause by catastrophic breakout floods (Maizels 1989).  This may imply the 
creation of the avulsion site resembles a small outbreak flood.  Due to the large man-
made berms that line most of the study streams (including at Site 1), it is possible for a 
catastrophic outbreak to occur once water manages to erode a berm and enter the 
floodplain.  This would create a rapid expansion of flow below the avulsion point, which 
is supported by the bimodal imbrication recorded near avulsions. 
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Site 1 - Line A Site 1 - Line B 
Site 1 - Line E Site 3 
Figure 10:  Rose diagrams of imbrication directions (flow direction) taken on 
transects near the avulsion point of a chute.  They appear to be bimodal in 
direction.  The variable N indicates the number of measurements that were 
used to create the diagram.  Figures 3 and 5 show the locations of these 
measurements. 

  
 
Figure 11:  Rose diagrams of imbrication directions (flow direction) taken on 
transects near the end of a chute.  These show a single flow direction, indicating less 
turbulence. The variable N indicates the number of measurements that were used to 
create the diagram. 
Site 1 – Line C Site 1 – Line D 
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Figure 12:  Rose diagrams of imbrication directions (flow direction) taken 
on transects of a point bar.  Note the wide range of directions and bimodal 
distribution, similar to the avulsion site of a chute.  The variable N indicates 
the number of measurements that were used to create the diagram.  Transects 
at Site 2 can be found in Figure 16. 
Site 2 
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Figure 13:  (Top) This picture shows the avulsion point on Loyalsock Creek.  
The beginning features large clasts, imbricated by flow to the left, well over 
a meter in length.  Average clast size is about 60cm.  Author for scale.   
Figure 14:  (Bottom) At the end of the chute on Loyalsock Creek, grain size 
is much decreased.  Average sizes here are about 20cm.  Backpack for scale. 

  
Figure 15:  This graph charts the average largest grain size down the chute that 
Figures 10 and 11 depict.  There is a decrease in grain size moving away from the 
avulsion point.  Grain size drops from 96 centimeters and evens out around 30-35 
centimeters.  Data for this figure can be found in Appendix 1. 

  
Figure 16:  Site 2 is a point bar on Muncy Creek.  An aerial image of 
the bar can be seen in Figure 7.  Note the blue dots and corresponding 
numbers on each lateral transect.  The numbers represent an average 
clast size in centimeters from several meters of measurements along the 
lines.  The measurements show and increase in clast size toward the 
channel, and a decrease in clast size at the end of the bar.  Purple dots 
represent the location of gravel pits used to create lithofacies models 5-
7. 

  
Point Bar 
 
Clasts on the Muncy Creek point bar showed a 60% decrease in lateral grain size with 
distance from the stream channel, and a 60% fining at the downstream tail of the bar 
(Figure 16).  This expected result is caused by the distribution of flow conditions in a 
river bend, where point bars form.  At the outer portion of a bend, the thalweg moves 
water at highest velocity, resulting in deposition of only the largest clasts.  Further inside 
the bend, where water is higher up on the point bar, velocities and depth decrease, and 
smaller clasts can be deposited.  With the height of most of the bars on Muncy Creek 
being over 1.5 meters, velocities drop dramatically approaching the floodplain.   
Imbrication on the point bar is bimodal in direction, similar to the avulsion deposits of 
chutes (Figure 12). 
 
Discussion 
 
These results suggest that differentiating a point bar from a chute bar in the ancient 
record is possible in conglomeratic lithofacies deposited by gravel-bed streams.  Given a 
three dimensional and continuous conglomeratic outcrop, a point bar and channel will 
exhibit lateral fining, but a chute of equal size will exhibit a nearly uniform grain size.  
Axially, the chute will show fining near the avulsion site, while the point bar will fine at 
the downstream portion of the bar (Figure 17).  In the next sections, this study examines 
the use of lithofacies diagrams to identify depositional environments.  The findings 
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Figure 17:  Axial cross sections of a point bar and chute bar.  This 
image shows the surficial trends of grain size.  The point bar shows 
fining at the downstream third of the bar.  The chute bar fines close 
to the avulsion point, on the upstream portion of the deposit.  This 
difference may be useful in distinguishing the two features given a 
three dimensional outcrop.   
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Figure 18:  The two diagrams above show a point bar (top) and a 
chute bar (bottom) as they would be seen in cross section.  These 
features could appear in an outcrop of sedimentary rock.  The two 
deposits are very different.  The point bar deposit fines laterally 
away from the channel, while the chute bar deposit has a uniform 
grain size except on its edges.  Observing a large number of chute 
deposits could indicate that a gravel lithofacies was deposited in a 
wandering stream system. 
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suggest that identifying the point bars and chutes could be an important additional tool to 
add to lithofacies analysis when determining the depositional environment of gravel bed 
streams (Figure 18).  Wandering stream deposystems could be distinguished by a mix of 
chute and point bar deposits.  Wandering, mixed-load streams are unstable and prone to 
avulsion and chute creation (Schumm 1981).  Meandering stream deposystems would 
have mostly point bar lithofacies, since they are the most stable type of river.  In a future 
study, it would be beneficial to gather data from a greater number of features on each 
stream in order to verify the initial findings presented here.  Especially important is 
recording data on several bars on the same river.  In this way, the use of lateral fining to 
identify chutes in the sedimentary record could be made robust as a technique.  With the 
limited data in this study, it is not possible to determine if my observations represent most 
gravel features. 
 
QUESTIONS 2 AND 3 – GRAVEL LITHOFACIES MODEL INTERPRETATION  
 
Methods 
 
Sites that were examined as part of Question 1 and had a well-exposed gravel slip face 
were chosen as sites for vertical lithofacies measurement.  Material from the slip face was 
removed until a vertical cross section of the bar was visible.  Excavations were done 
carefully by shovel, pick, and trowel to preserve imbrications, matrix, and other features 
of bar sedimentology (Figure 19).  Lithofacies data were recorded by intervals of similar 
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sedimentology.  The characteristics of different intervals were noted and photo 
documented.  Clast sizes were measured by a meter stick or the use of a standard grain-
size chart.  Lithofacies data were used to create lithofacies models or gravel deposits, 
based on methods standard to sedimentology (Miall 1977).  Drafting the lithofacies 
diagrams required the use of Adobe Illustrator.  Using ArcGIS, collection locations and 
data were added to maps to create a visual representation of downstream fining.  
Locations were referenced in from sketch maps.  Lithofacies diagrams were compared to 
published lithofacies models for fluvial paleoenvironments. 
 
Results 
 
Lithofacies Models 
 
Lithofacies diagrams from three sites: a chute on Loyalsock Creek, and a point bar and 
chute on Muncy Creek are included in this study (Figures 20 & 21).  Several patterns are 
evident in the lithofacies diagrams created for each site (Figures 22 & 23):  The surface 
layers of the lithofacies recorded were well imbricated in the direction of flow.  Layers 
beneath the surface of each bar lacked cross stratification and tractional sedimentary 
structures such as imbrication.  The largest clasts that make up the gravel bars are on the 
surface of each feature and are imbricated.  Lithofacies diagrams show that deposits 
either fined downward or fluctuated randomly in grain sizes.  These random fluctuations 
were 1-3 centimeter variations in average grain sizes with depth.  Most gravel deposition 
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Figure 19:  The creation of a gravel pit in progress at the end of the chute at Site 
1, on Loyalsock Creek.  Note the use of the pick to remove coarse gravels, and 
hand to clear finer sediment.  This site is represented by the lithofacies model for 
Pit 2.  The pit is located inward from the edge of the bar.  Refer to Figure 5 for 
an exact location. 
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Figure 20:  A complete view of Pit 2.  Surface imbrication and an increase in sand 
matrix at depth can be seen, as can the lack of imbrication at depth.  The image also 
shows a coarsening upward lithofacies.  Backpack (top right) for scale. 
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Figure 21:  This image shows Site 2 near Pit 5 with a meter stick for scale.  The 
scoured gravel face represents ideal conditions for collecting gravel lithofacies 
from large gravel bars.  To collect information here, material from a more 
recent low flow at the base of the bar was removed by shovel to expose the 
September 2011 deposit. 
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Figure 23:  Lithofacies models created for Site 2, a point bar on Muncy Creek.  
Each records massive clast supported gravels or small random fluctuations in gravel 
size with depth.  All sites are similar to chute bar lithofacies in that they only have 
imbrication in the surficial layer.  Gcmi indicates massive, clast supported, and 
imbricated gravel.  Gcm indicates massive, clast-supported gravel.  St indicates 
medium to coarse sand with pebbles.  Gcf indicates clast-supported pebbles.  These 
pebbles may have been deposited by a secondary, lower velocity flow event. 
Gcm 
Gcm 
Gcm 
Gcm 
Gcmi
Gcmi
Gcmi
Gcf 
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is clast supported; two gravel pits revealed sandy matrix-supported lithofacies composing 
the deepest layers. 
 
Lithofacies Interpretation 
 
Gravel bar armoring occurred on these bars during flooding, since the largest clasts exist 
on the surface.  Armoring takes place when peak flows remove smaller grains from the 
surface of gravel features (winnowing) immediately after deposition.  Clast support 
indicates that flooding did not cause extensive debris flow conditions on the study 
streams.  Upward coarsening and lack of imbrication at depth suggest that these streams 
may have initially experienced hyperconcentrated flow.  The sandy matrix-supported 
lithofacies are a further extension of the upward coarsening facies.  On a chart of 
expected fluvial lithofacies, the lithofacies presented in this research are most similar to 
those of coarse-grained gravel with a sediment concentration of 50-60% by weight 
(Figure 24).  This is consistent with hyperconcentrated flow, which is 40% to 70% 
sediment by weight (Maizels 1997).  The gravel bars in each sampled location preserve a 
lithofacies assemblage that may be representative of the hyperconcentrated bedload 
model (Pierson 2005).   The model shows that a low velocity hyperconcentrated 
underflow layer could exist beneath high velocity turbulent stream flow.  The 
hyperconcentrated flow deposits would lack stratification and imbrication, but grains at 
the boundary between the underflow layer and stream flow will saltate or roll and become 
imbricated (Figure 25).  This also provides a model for the inverse grading of these bars: 
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Figure 24:  This chart shows possible lithofacies for deposits in certain flow conditions 
for several grain sizes.  Grain size increases toward the bottom of the figure.  From left to 
right, sediment concentration decreases from 100% to zero.  Flood lithofacies from 2011 
resemble the boxed diagrams, which are hyperconcentrated grainflows with about 50-60% 
sediment by weight.  Grainflow is a term used to describe the way in which 
hyperconcentrated flows move. Adapted from Maizels 1997. 
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Figure 25:  The above diagram illustrates the proposed flow conditions 
during 2011 flooding.  At depth, material is transported at low velocity 
by hyperconcentrated flow.  A column of high velocity turbulent water 
flows above the dense hyperconcentrated region.  This water saltates or 
rolls the grains on the top of the hyperconcentrated flow, leaving them 
imbricated.  Grains in the low velocity zone below remain non-
imbricated. (Pierson 2005) 
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Figure 26:  This generalized lithofacies diagram represents the facies 
observed in this study.  The zones marked to the right of the diagram 
indicate where hyperconcentrated flow, saltation or rolling, and turbulent 
flow occurred during the flood.  The image show how the lithofacies match 
the zoning depicted in Figure 25. 
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Figure 27:  This graph, measured during Hurricane Agnes flooding on the 
Conestoga River in 1972, shows that the suspended sediment (red) peak occurs 
before peak discharge (blue). Suspended sediment is often used as an analogue for 
bedload. (Courtesy R. C. Kochel) 
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the highest velocities are nearest to the surface of the bedload, and therefore transport the 
largest clasts (Figure 26).  As floodwaters increased during the storm, the 
hyperconcentrated underflow advanced forward, creating prograding gravel tongues that 
remain as the deposits observed in this study.  It is well known that the sediment peak in 
rivers arrives earlier than peak discharge (Ritter et al. 2011) (Figure 27).  These streams 
may have experienced hyperconcentrated flow until sediment levels peaked and dropped 
off, marking a return to stream flow conditions and continued deposition of imbricated 
gravel.   
 
In the future, it will be important to gather more lithofacies from bars of all types, and 
compare the sedimentology of point bars, mid-channel bars, and chute bars.  It may be 
that each is different, or perhaps the flooding deposited a similar lithofacies in each 
location.  To further examine the properties above it will be necessary to not only 
examine more bars, but also to look more specifically at the sorting of sediment within 
them.  Hyperconcentrated flows normally have a definable percentage of silt and clay 
particles that helps to increase the sediment load during flooding.  It may still be possible 
to sample flood deposits and examine their clay content.  Recent work has focused on 
gathering cross sections and high-water marks in order to calculate flow depths and flow 
velocity, a variable that is useful for estimating flow conditions.   
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Flume Study 
 
In order to experimentally confirm that a hyperconcentrated underflow layer, or tractional 
carpet, can be deposited as suggested by Pierson (2005), a study was conducted in the 
Bucknell Geology Flume Laboratory.  The experiment was conducted by initiating 
outbreak floods in the flume and examining the deposits left behind.  The depositional 
character of these deposits was compared to the lithofacies models created for gravel bars 
observed in the field.  Two flume runs were completed. 
 
To flood the flume and deposit lithofacies similar to those in the field, a permeable screen 
was put across the upper portion of the flume and sand was piled against it, creating a 
thin dam (Figure 28).  A pile of 80% pebbles (representing boulders) and 20% fine to 
coarse sand (representing gravel and sand) was placed in front of the dam at the head of a 
narrow channel.  When the water pumps in the flume were turned on, the area behind the 
dam was filled.  Since the dam was thinly built, it naturally failed, causing the dam to 
break and water to rapidly wash over the pile of gravel.  The dam material added more 
sand to the sediment load, and the sand and gravel moved downstream before being 
deposited further down the channel.  After the deposits dried, a trowel and shovel were 
used to create a cross section and examine the stratigraphy.  Areas of interest were 
photographed, and during the second run samples of entrained sediment were captured.  
These samples were dried and weighed, allowing for an estimation of the sediment 
concentration of the floodwater. 
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Figure 28:  A schematic of a flume run with before and after images.  
Before the trial, the area behind the sand dam is filled with water.  The dam 
eventually breaks, and the water rushes over the gravel, which is deposited 
downstream.  These deposits were examined for this study. 
Before 
Run 
After 
Run 
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Figure 29:  This image, from the second run of the flume, shows similar 
deposition to gravels observed in the field.  The deposit is about 9cm thick.  
This deposit is inversely graded, and it is clear that large imbricated gravels 
have been deposited on the surface.  The yellow lines indicate gradual 
boundaries, not separate layers.  A tractive carpet is a likely explanation for 
this depositional style (Pierson 2005).  It is acknowledged that these facies 
are not clast supported, but given the scaling issues present, this deposit is 
still representative of bars observed in the field. 
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In both the first and second runs, deposits had several features similar to those of gravel 
bars observed in the field.  While the scales are not closely matched do to constraints on 
the availability of fine sediment, the deposition in the flume is likely an adequate 
analogue for deposition in north-central Pennsylvania.  Deposits produced included a 
range of stratigraphy, including massive gravel supported deposits to inversely sorted 
deposits.  On the surface of these deposits, gravels were visibly imbricated, but below the 
surface no imbrication was apparent  (Figure 29).  While the stratigraphy was not a 
perfect model for the deposit in the field, it does show that hyperconcentrated or debris 
flow tractional carpet can occur in large floods.  After the samples from the flume were 
dried and weighted, the percent sediment concentrations for the beginning, peak and end 
of the second run were calculated.  Sediment concentration is the weight of the dry 
sediment in the sample divided by the wet sample.  Sediment concentration at the 
beginning of the run was 13%, at the peak it was 47%, and at the end it was 45%.  As the 
trial ran, it appears that the trial reached nearly 50% sediment concentration before it 
began to decrease (Appendix 3).  This sediment concentration falls within the 40-70% 
range indicative of hyperconcentrated flow. 
 
Ancient Depositional Systems 
 
This study shows that large floods on gravel-bed streams can result in atypical lithofacies 
for mixed-load streams, which are usually associated with clast supported, upwards 
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fining, and large scale cross-stratified bedload sheets (Rice et al. 2009).  The lithofacies 
at the study sites can be compared to the conglomeratic lithofacies of braided streams, 
alluvial fans, and jokulhlaups.  It would be possible for the inversely graded lithofacies 
recorded to be associated with arid alluvial fans, although they are lacking the extensive 
imbrication and large scale cross-stratification common in these systems (Tucker 2001; 
Kochel 2009) (Figure 30).  Fans also often contain thin sheetflow deposits, which were 
not observed in the field (Blair 1999).  Braided streams can also have beds of inversely 
graded gravel (Figure 31).  The sites in this study could be distinguished from both of 
these systems in the sedimentary record by the floodplain soils that would be interbedded 
in a vertical section of the study area (valley floors in the study areas include thick 
floodplain soils and clay deposits).  These floodplain soils are common in meandering 
stream lithofacies, but meandering streams do not typically have inversely graded beds or 
massive conglomerate (Figure 32).  Jokulhlaup lithofacies more closely resemble the 
lithofacies of the study sites, especially if the surface of the deposit were imbricated by 
subsequent flow events (Figures 33 & 34).  Due to the sporadic nature of glacial outbreak 
floods, it would be difficult to distinguish one from a large flood on a gravel-bed river, 
because the deposit created could overly anything from a floodplain to an existing river 
channel.  Jokulhlaup deposits are inversely graded, can be clast or matrix supported, and 
can contain rounded glacial outwash.  Some of the material at the study sites is reworked 
Pleistocene glacial outwash.  If reworked outwash was deposited in ancient gravel-
bedded mixed-load rivers, it could further their resemblance to outburst floods. 
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Figure 30:  Lithofacies diagram of an arid gravel alluvial 
fan, taken mid-fan.  Note the massive imbricated gravels, 
thin sheetflow deposits, and both normally and inversely 
graded gravels (Adapted from Makhlouf et al. 2010). 
Inversely 
graded 
Sheetflow 
Normally 
graded 
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Figure 31:  Lithofacies diagram of a gravelly braided stream.  
Note the fining upward packages (indicated by arrows) of 
gravel and thin sands.  There are no floodplain mudstones in 
this environment (From Tucker 2001).   
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Figure 32:  Typical meandering stream lithofacies.  Note the sparse, normally 
graded gravels, fining upward cross-stratified sands, and mudstone floodplain 
deposits (From Tucker 2001). 
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Figure 33:  Image of a cross section of a jokulhlaup deposit in Greenland 
(Russell 2007).  Aside from the angular clasts, the lithofacies of this deposit are 
similar to the lithofacies recorded by this study.  Note the lack of imbrication at 
depth, inverse grading, and clast support.  If the upper portion of this deposit 
were imbricated by subsequent flows, these facies could be mistaken for those 
discovered in this study. 
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Figure 34:  Lithofacies models of several jokulhlaup deposits in Greenland.  
These lithofacies have inversely graded sections, no imbrication, and varying 
levels of matrix, which makes them similar to the deposits left by the 2011 
flood (Russell 2007). 
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QUESTION 4 - DOWNSTREAM FINING AND CLAST SIZE VARIATION  
 
Methods 
 
Targeted point bar sites were spaced at intervals of 8-11 kilometers along each of the 
study rivers using ArcGIS.  One gravel bar near each selected site was visited and 4-5 
stations of 10 largest clast sizes were recorded at evenly spaced intervals along the 
longitudinal axis of the bar.  The 10 largest clasts were surveyed visually.  It was 
necessary to collect 4-5 stations of data per bar in order to avoid biasing clast size by the 
portion of a bar it was taken from.  Long, intermediate, and short axis measurements, 
roundness, and possible provenance were recorded for each clast sampled.  A meter stick 
was used for measurement.  Provenance possibilities for the clasts included Appalachian 
Plateau sandstone from tributaries or headwaters, local bedrock, and Pleistocene outwash 
terraces.  Plateau sandstones are rounded, medium to coarse-grained quartz sandstones.  
Local bedrock can be identified by comparison of nearby bedrock outcrop to angular 
clasts.  Pleistocene outwash was dominated by Plateau sandstones with a dark oxidized 
color, well developed weathering rind, and rounded shape.  Collection locations and data 
were added to maps to create a visual representation of clast sizes.  These maps were 
based on the same mapping used to locate the other sites used in this study. 
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Results 
 
The data gathered were divided into quartiles, and the 75th percentile largest clast sizes 
for each bar were determined in Excel and referenced along each stream.  The 75th 
percentile was used to avoid representing outliers while still representing the largest sizes 
at the sampling site.   Largest clast size data were not Gaussian but skewed to the left 
(Figure 35), so averages could not be used to represent sizes on each bar (Figures 36-38).  
These data show that each stream has an overall downstream fining trend as expected.  
There are localized exceptions of note to sedimentologists studying the ancient record.  
On Muncy Creek (Figure 38), grain sizes at sample sites fluctuate instead of strictly 
decreasing in the downstream direction.  This may be due to sourcing of coarse material 
from bedrock in or along the channel.  A high percentage of locally sourced clasts were 
noted at one of the anomalously coarse collections sites (Figure 39).  On Fishing Creek 
(Figure 37), a local anomaly in downstream fining is well documented near Benton, PA.  
Weathered gravel sourced from an eroded Pleistocene glacial outwash terrace (Figure 40) 
caused an increase in grain size that returned to expected sizes ~100 meters downstream.  
The increase was large enough to equal grain sizes recorded in the headwaters of Fishing 
Creek.  Input from outwash terraces is also a possible explanation for local grain size 
increases on Muncy Creek, since it’s watershed is almost entirely within the glacial 
boundary.  Grain sizes were much finer with distance from the Appalachian Plateau on 
all streams, where bedrock is dominantly thin-bedded sandstone and shale.  The possible 
provenance of clasts on each river was recorded, and can be used for analysis.  The 
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Figure 35: Example graph of one gravel bar’s data on Fishing Creek, 
used in the downstream fining study.  Note that the data is skewed, 
and therefore non-Gaussian.   All other data from locations visited in 
this study exhibited similar skew. 
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Figure 36:  Downstream changes in sediment size on Loyalsock Creek.  The 
GIS mapped portion of the creek is highlighted in orange.  Williamsport, PA 
is located at the red star.  Blue diamonds and their corresponding numbers 
represent the distance from the mouth in 1000’s of meters.  The 
measurements in green boxes are a representation of the largest clasts found 
on a gravel bar at the location marked by a green dot.  Note the fining 
downstream trend.  The blue line represents the southern extent of the 
Wisconsinan glacial maximum. 
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Figure 37:  Downstream 
changes in sediment size on 
Fishing Creek.  The GIS 
mapped portion of the creek is 
highlighted in orange.  
Bloomsburg, PA is located at 
the red star.  Blue diamonds 
and their corresponding 
numbers represent the 
distance from the mouth in 
1000’s of meters.  The 
measurements in green boxes 
represent of the largest clasts 
found on a gravel bar at the 
location marked by a green 
dot.  Note the increase in 
grain size at 40,000 meters 
caused by scour of Pleistocene 
glacial outwash.  The blue line 
represents the southern extent 
of the Wisconsinan glacial 
maximum. 

  
Figure 38:  Downstream changes in sediment size on Muncy Creek.  The GIS 
mapped portion of the creek is highlighted in orange.  Muncy, PA is located at the 
red star.  Blue diamonds and their corresponding numbers represent the distance 
from the mouth in 1000’s of meters.  The measurements in green boxes are a 
representation of the largest clasts found on a gravel bar at the location marked by a 
green dot.  Note the inconsistency in downstream fining.  The increase at 40,000 
meters is caused by local bedrock input.  Other inconsistencies could be caused by 
outwash terrace input.  The blue line represents the southern extent of the 
Wisconsinan glacial maximum. 
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Figure 39:  Location on Muncy Creek where input from bedrock dramatically 
increased the largest clast size.  Note the high percentage of red sandstone clasts; 
these are scoured from in-channel bedrock 10’s of meters upstream.  
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Figure 40:  Location on Fishing Creek, near Benton, PA, where input from a 
Pleistocene outwash glacial terrace dramatically increased the largest clast size 
locally, as seen in Figure 37.  Note the large, rounded cobbles and boulders that 
are oxidized orange to black.  This exposure is where the material was scoured 
by the flood and increased grain size. 
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majority are coarse sandstones sourced from the Appalachian Plateau headwaters of the 
streams.  Only in a few cases was local bedrock or a glacial source contributing material.  
One question still to be addressed is whether sandstones from either bedrock or glacial 
outwash cause more variation to clast size trends, and exactly how much material each 
contributes compared to tributaries.  The best way to do this would be to survey the entire 
length of a stream and calculate the percentages based on observation.  This could not be 
done in a field season.  One possible solution is to use modern statistics to completely 
randomize all of the point bars on a stream, and then select a small number of random 
study sites.  By observing the material at each site (assuming access is granted), it may be 
possible to accurately estimate the percentage of material coming from each source 
without extensive fieldwork.  If access were not granted for all sites, another set of sites 
could be randomly selected, and so on until the study is complete. 
 
QUSTION 5 – RECURRENCE OF CATASTROPHIC FLOODING 
 
Significance 
 
This study originally proposed to examine the recurrence interval of the 2011 flood and 
whether or not streams would recover to previous conditions.  It proposed dating 
landforms first scoured by this flood, as in Costa (1978), to find a minimum geomorphic 
recurrence interval to compare with the interval calculated by the USGS from stream 
gauge data.  Costa dated material contained in eroded alluvial fans along Big Thompson 
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Canyon, CO to find the mean ages of features that were deposited. These features were 
scoured during flooding, and Costa’s interpretation was that they had not been scoured 
since deposition, making the recurrence of the flooding at least as long as the age as the 
newly eroded features.  The features dated by Costa were tributary alluvial fans that had 
been reworked by the flooding and contained dateable charcoal.  This study targeted 
similar deposits to complete a similar analysis.  Costa’s method is still recognized as 
useable today (Ritter et al. 2011), as presented in a paleohydrology summary by Levish 
(2002).  
 
Methods 
 
As fieldwork progressed during 2012, there proved to be little dateable material, likely 
due to the humidity of the study areas that allows for oxidization and bioturbation of 
organic carbon.  Still, two soil samples were collected and analyzed from field locations 
(Figures 41 & 42).  One sample was taken from the base of a scoured tributary alluvial 
fan on Muncy Creek (Figure 43), and another was taken from a buried soil in a terrace on 
Loyalsock Creek (Figure 44), which was scoured by chute development.  Each of the 
features was not scoured by channel activity before the 2011 flood.  The alluvial fan on 
Muncy Creek was confirmed to have been intact before Tropical Storm Lee by 
landowner account and aerial images taken prior to the event.  The terrace sediment along 
Loyalsock Creek was confirmed as initially scoured by 2011 flooding using aerial images 
taken prior to the event, which show no evidence of a chute in the area.  Samples were 
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Figure 41:  Aerial photograph showing the location of the alluvial 
fan sampled for radiocarbon dating.  The fan is formed by the small 
tributary in the image.  Road for scale. 
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Figure 42:  Aerial image showing the location of the terrace material 
sampled for radiocarbon dating.  Note the large chute that caused the 
exposure, and the road for scale. 
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Figure 43:  A scoured alluvial fan on Muncy Creek.  The fan material is 
perched on bedrock and capped with vegetation.  The alluvial fan sand 
contained dateable material that was used to calculate a geomorphic 
recurrence interval.  Samples were taken from the base of the fan to avoid 
contamination and take advantage of buried charcoal. 
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Figure 44:  Terrace 
material scoured by a 
2011 chute on 
Loyalsock Creek.  
Slumped sediment was 
removed to reveal the 
stratigraphy.  Samples 
for radiocarbon were 
collected from the 
organic A horizon of a 
paleosol where 
indicated.  The 
stratigraphy shows four 
separate events of flood 
sand deposition, 
indicating that this 
terrace was built from 
by rare flood deposition 
over thousands of years. 
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bagged and sent to Beta Analytic, a commercial carbon dating lab, for radiocarbon 
analysis.  The lab used Accelerated Mass Spectrometry to analyze the trace carbon 
isotopes in each sample.  Once the 13C/12C ratio is measured, the lab can produce an age 
date accurate within ±30 years. 
 
Results 
 
The measured radiocarbon age of the sample taken from the alluvial fan on Muncy Creek 
is 500±30 BP (Appendix 4).  The measured radiocarbon age of the sample taken from the 
terrace soil on Loyalsock Creek is 2490±30 BP (Appendix 4).  Using Costa’s geomorphic 
recurrence methods, the dates indicate that the recurrence interval of catastrophic 
flooding on these streams may be much greater than the 120 year interval calculated by 
the USGS.  It may be several hundred to several thousand years before catastrophic flows 
of this magnitude occur again.  The paleosols in sampled on Loyalsock Creek (Figure 44) 
overlay basal gravels, which are interpreted as Wisconsinan (~16000 years old) in age, 
support this recurrence interval.  Only 4 flood deposits overlie the gravels, so it is likely 
that only four events of similar magnitude have occurred since 16000 years ago.  This 
does not mean that these streams will not continue to evolve in the near future, but the 
amount of water produced by Tropical Storm Lee is likely to be extremely rare.  Lower 
flows in 1972, 1996, and 2004 proved capable of causing dramatic gravel deposition and 
channel evolution.  With the large amount of gravel moved into the active channels after 
2011, and the increasingly active tropical storm seasons linked to climate change, it is 
possible that rivers in north-central Pennsylvania will rapidly evolve and fill with gravel. 
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DISCUSSION 
 
As previously indicated, the findings of this study have implications for the fields of 
sedimentology and geomorphology.  There are also implications toward studies of land 
use impacts, local response to flooding in north-central Pennsylvania, and the evolution 
of the study watersheds.  Discovery of hyperconcentrated flow deposits on the large, low 
gradient streams in my study area is not only geomorphically rare, but also indicative of 
gravel-bedded wandering rivers (Church 1983).  Wandering rivers are known for their 
multiple anastamosed channels, but the study rivers most often found locked into one 
channel (Schumm 1981).  Chutes and disturbance reaches break this pattern locally 
(Jacobsen 1999).  While geomorphically mapping each stream using aerial images and 
LIDaR, a number of abandoned channels were discovered on the floodplain, some of 
which crossed entire valleys with networks of anastamosed channels.  These are 
interpreted as being of pre-European settlement age, and have been confirmed in the field 
as channels.  It is likely that early farmers in the region filled portions of the anastamosed 
system in order to create easier access to farmland.  Further filling of the multi-threaded 
channels and construction of extensive berms took place from 1850 to 1920 during the 
logging of the study watersheds.  Having a single channel was much more convenient to 
float logs on than several channels.  This helps to explain the long, straight channels on 
each stream, and the disconnected floodplain channels observed in the area.   
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The logging legacy also explains how hyperconcentrated flow could occur on such large 
streams (Miller et al. 1993).  During logging, the watersheds in the study area were 
completely deforested, which lead to rapid rates of hillslope erosion.  The fine sediments 
from this erosional event (clay and sand) were quickly transported by the rivers to the 
Susquehanna River.  The heavier gravels and boulders remained in the tributaries, slowly 
moving into the study rivers over decades, similar to rivers in the Ozark Plateau 
(Jacobsen 1999).  These gravels are the main source of the high coarse sediment on each 
river, although bedrock and outwash terrace input also add material. The result, when 
combined with a berm-confined channel, is a high enough sediment concentration to 
allow for hyperconcentration.   
 
The September 2011 flood cause many channel avulsions, most of which scoured through 
a berm from the logging or younger and connected the main channel to older abandoned 
channels.  This was an economic disaster for residents, who lost homes, businesses, and 
crops.  In response to the destruction caused by the flooding, state and local government 
began to remove gravel from the stream and used it to create even larger berms, a process 
known as stream cleaning.  Abandoned channels, now occupied, were once again filled, 
and destroyed roads and bridges were rebuilt.  While the geomorphic recurrence interval 
for these streams suggests that another 2011-sized flood is unlikely to occur for 
thousands of years, it is known from previous aerial imagery that avulsions and channel 
migration has occurred in smaller, 10-year floods.  It is likely that the streams in the study 
area will continue to evolve during relatively small floods as they are filled with 
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increasingly large amounts of tributary, bedrock, and bank-sourced gravels.  With 
increased tropical storms due to global climate change, the process could occur more 
rapidly than in the past.  These streams have likely crossed a geomorphic threshold 
(Ritter et al. 1999) and are, given the volume of sediment, unlikely to return to the 
channels built in the logging era.  In light of this, stream cleaning is not prudent.  Since 
there is enough sediment in these streams to cause hyperconcentrated flow, any sediment 
removed will be replaced by new material within a about decade.  Removing the material 
is just an added expense to recovering from a flood.  Due to the instability of the gravel 
banks of these streams and their previously multi-threaded character, it would be wise to 
allow them to evolve without interference.  Houses could be built on stilts and 
impermanent roads could be made of gravel, which would allow for simple 
reconstruction.  Bridges pose a serious issue, and must be built much stronger than 
engineering codes may suggest.  Cases where it is impossible to relocate or adapt 
infrastructure are the only areas where berms should be constructed.  This study 
concludes that Muncy, Loyalsock, and Fishing Creek are likely to continue to exhibit the 
morphology of wandering gravel-bed rivers into the foreseeable future.   
 
CONCLUSIONS 
 
The overarching goal of this study is to use the deposits left by September 2011 flooding 
in north-central Pennsylvania to improve our understanding of geomorphology and the 
ancient sedimentary record.  The main findings are as follows:  1) The surficial sediments 

  
of gravel bars represent the largest sediments moved in the flood.  Chutes and point bars 
can be distinguished in the sedimentary record by grain size variations.  Chutes have a 
consistent lateral average grain size, while point bars fine laterally away from the channel.  
Axially, chutes experience the most fining near the avulsion site (the breakout from the 
channel) at the upstream end of the deposit, while point bars experience a decrease in 
surficial clast size at the tail end of the bar.  Imbrication patterns at chute avulsion sites 
are similar to patterns of imbrication on point bar features.  2) The gravel lithofacies 
recorded have components atypical of large mixed-load streams.  These lithofacies do not 
noticeably fine upwards or contain pervasive imbrication, as would be expected from 
turbulent stream flow.  Each lithofacies features a thin layer of imbricated surficial 
armoring.  These lithofacies could be mistaken for an outburst flood deposit due to lack 
of imbrication and inverse grading.  3) Based on the lack of tractional sedimentary 
structures and distribution of clasts within gravel bars, it appears that the study streams 
may have initially experienced hyperconcentrated flow (40-70% sediment concentration) 
during 2011 flooding.  This hyperconcentrated flow could have occurred as an underflow 
layer, with turbulent flow nearer to the surface of the floodwaters.  Facies generated in 
flume studies indicate that this explanation is possible by demonstrating that 
hyperconcentrated underflow is possible in gravel streams.  4) After measuring clast sizes 
on point bars at intervals of 8-11 kilometers to assess the use of the downstream fining 
principle in sedimentology, this study found inconsistencies in downstream fining on the 
study streams.  Local increases in clast size are caused by local bedrock sources along 
Muncy Creek and erosion of Wisconsinan glacial outwash terraces on Fishing Creek.  

  
Loyalsock Creek demonstrated an uninterrupted downstream fining.  Tributary sourced 
sandstones dominate the gravel bedload on each stream.  5) Atomic Mass Spectrometry 
(AMS) radiocarbon dating of sediment from a recently scoured alluvial fan on Muncy 
Creek and a scoured terrace on Loyalsock Creek returned respective ages of 500 BP and 
2490 BP. Based on landform erosion, these data suggest that the flooding produced by 
Tropical Storm Lee was exceedingly rare, with a recurrence of several hundred to several 
thousand years.   
 
From a broader perspective, these findings indicate that the effect of anthropogenic 
activity on the rivers studied has had a great impact on their deposition and morphology.  
The large gravel bars and avulsions common during the 2011 event are due likely due to 
channel confinement, which is related to the agricultural and logging legacies of the area.  
While the likelihood that another catastrophic event will occur within this century is low, 
streams in the study area will continue to trend towards the wandering morphology 
during weaker floods.  Understanding deposition and hyperconcentrated flow on these 
rivers will become key to understanding the evolution of watersheds in north-central 
Pennsylvania. 
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Distance down 
Chute (m) 
Average of 10 largest 
clasts (cm) 
0 92 
50 80 
100 61 
150 56 
200 40 
250 39 
350 30 
400 30 
450 33 
500 36 
550 38 
600 41 
650 30 
700 29 
750 26 
800 29 
850 23 
Appendix 1: A table showing the data used to create Figure 15.  
Distance down the chute from the avulsion site is in the left 
column, and the clast size used for the figure is on the right 
column. 
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Appendix 2: Lithofacies models created for Site 3 and used in 
this study’s results. 
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Appendix 4: Below is the original data sent from Beta 
Analytic from sites on Muncy Creek and Loyalsock Creek.  
Sample 33156 is from Loyalsock Creek and Sample 338157 
is from Muncy Creek.  See Figures 43 & 44 for collection 
locations.  The Measured Radiocarbon Age was used for 
this study. 

  
Downstream Fining Data 
 
 
The data below was used for the 
downstream fining section of this study.  
The tables include L, I, S (long, 
intermediate and short axis) grain lengths 
(in cm), roundness, and possible 
provenance.  For roundness, “r” is rounded, 
“sr” is subrounded, and “sa” is subangular.  
Each location represents a site on a bar.  
Plateau sandstones are quartz sandstones 
sourced from the Appalachian Plateau, 
local clasts were matched to the bedrock 
of the immediate area, and weathered 
plateau sandstones exhibited oxidation 
associated with inclusion in Pleistocene 
glacial outwash terraces. 
 
 
 
 
 
 
 
 
 
 
 
Fishing Creek Downstream Fining Data 
 
 Fishing Creek 
Upstream Bar  
  
 Location 1    
 L I S Roun
dness 
Provenance 
 53 52 23 r plateau 
sandstone 
 63 44 41 sr plateau 
sandstone 
 68 49 30 r plateau 
sandstone 
 58 43 20 r plateau 
sandstone 
 63 45 20 sr plateau 
sandstone 
 73 43 19 sr weathered 
plateau 
sandstone 
 60 56 40 sr plateau 
sandstone 
 67 50 25 r plateau 
sandstone 
 52 42 14 r plateau 
sandstone 
 71 38 20 r plateau 
sandstone 
Ave
rage 
62.8     
      
 Location 2    
 127 80 35 r plateau 
sandstone 
 78 65 35 sr plateau 
sandstone 
 80 54 44 sr plateau 
sandstone 
 130 74 12 sa local 
 84 34 30 r plateau 
sandstone 
 66 43 15 sr plateau 
sandstone 
 82 40 21 sa plateau 
sandstone 
 67 39 17 sr plateau 
sandstone 
 66 53 15 sr plateau 
sandstone 
 83 30 21 r plateau 

  
sandstone 
Ave
rage 
86.3     
      
 Location 3    
 84 54 40 r plateau 
sandstone 
 63 50 36 r plateau 
sandstone 
 59 46 21 r plateau 
sandstone 
 51 40 19 sa local 
 48 27 20 r plateau 
sandstone 
 50 29 15 sr plateau 
sandstone 
 48 44 19 r plateau 
sandstone 
 61 40 20 r plateau 
sandstone 
 47 35 15 r weathered 
plateau 
sandstone 
 76 44 17 sr plateau 
sandstone 
Ave
rage 
58.7     
      
 Location 4    
 58 40 12 r plateau 
sandstone 
 60 34 23 r weathered 
plateau 
sandstone 
 38 30 11 sr plateau 
sandstone 
 39 34 17 r plateau 
sandstone 
 60 58 20 r plateau 
sandstone 
 56 40 13 sa local 
 68 49 22 r plateau 
sandstone 
 63 45 12 r plateau 
sandstone 
 44 44 28 r plateau 
sandstone 
 44 41 22 r plateau 
sandstone 
Ave
rage 
53     
      
 Location 5    
 68 38 16 sr plateau 
sandstone 
 50 30 16 r plateau 
sandstone 
 51 41 15 r plateau 
sandstone 
 60 42 13 sr plateau 
sandstone 
 60 46 21 r plateau 
sandstone 
 68 40 18 sa local 
 70 43 26 r plateau 
sandstone 
 85 66 14 sa plateau 
sandstone 
 65 34 12 r plateau 
sandstone 
 89 50 37 r weathered 
plateau 
sandstone 
Ave
rage 
66.6     
      
 Fishing Creek 
Second Bar 
  
 Location 1    
 25 20 2.5 r plateau 
sandstone 
 24 13 8 r weathered 
plateau 
sandstone 
 22 11 6 r plateau 
sandstone 
 20 12 12 s plateau 
sandstone 
 20 12 11 r plateau 
sandstone 
 28 17 15 r plateau 
sandstone 
 30 17 5.5 r plateau 
sandstone 
 24 13 8 r plateau 
sandstone 
 23 22 8 sa plateau 
sandstone 
 31 9 9 s plateau 
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sandstone 
Ave
rage 
24.7     
      
 Location 2    
 24 20 7 r weathered 
plateau 
sandstone 
 21 11 10 r plateau 
sandstone 
 31 16 6 r plateau 
sandstone 
 24 18 10 r weathered 
plateau 
sandstone 
 26 13 11 r plateau 
sandstone 
 28 11 17 sr plateau 
sandstone 
 23 13 10 r plateau 
sandstone 
 40 15 14 sr plateau 
sandstone 
 35 25 9 da plateau 
sandstone 
 25 18 7 r plateau 
sandstone 
Ave
rage 
27.7     
      
 Location 3    
 30 17 10 sa plateau 
sandstone 
 28 13 6 r weathered 
plateau 
sandstone 
 22 18 7 r plateau 
sandstone 
 32 21 12 r plateau 
sandstone 
 29 13 7 sa plateau 
sandstone 
 24 23 13 r plateau 
sandstone 
 22 13 10 sa plateau 
sandstone 
 23 14 5 sa plateau 
sandstone 
 20 14 9 sr plateau 
sandstone 
 32 16 9 r weathered 
plateau 
sandstone 
Ave
rage 
26.2     
      
 Location 4    
 25 17 11 r plateau 
sandstone 
 20 23 6 sr plateau 
sandstone 
 27 18 4 sa plateau 
sandstone 
 21 16 4 sa plateau 
sandstone 
 30 12 10 r plateau 
sandstone 
 25 18 7 r weathered 
plateau 
sandstone 
 23 15 10 r weathered 
plateau 
sandstone 
 21 14 6 r plateau 
sandstone 
 32 18 12 r plateau 
sandstone 
 22 16 4 sr weathered 
plateau 
sandstone 
Ave
rage 
24.6     
      
 Fishing Creek 
Third Bar 
  
 Location 1    
 70 43 16 sa plateau 
sandstone 
 70 50 13 sa plateau 
sandstone 
 75 63 30 r plateau 
sandstone 
 63 63 9 sa plateau 
sandstone 
 57 39 18 r weathered 
plateau 
sandstone 
 48 36 19 sr plateau 
sandstone 
 67 37 35 r weathered 

  
plateau 
sandstone 
 50 37 13 r plateau 
sandstone 
 60 26 25 sa weathered 
plateau 
sandstone 
 63 30 25 r weathered 
plateau 
sandstone 
Ave
rage 
62.3     
      
 Location 2    
 103 42 33 r weathered 
plateau 
sandstone 
 80 51 22 sa plateau 
sandstone 
 55 45 38 r weathered 
plateau 
sandstone 
 70 55 20 r weathered 
plateau 
sandstone 
 75 45 30 r plateau 
sandstone 
 67 57 28 r plateau 
sandstone 
 68 43 40 r weathered 
plateau 
sandstone 
 90 57 23 sr weathered 
plateau 
sandstone 
 61 46 19 sr plateau 
sandstone 
 74 42 18 r plateau 
sandstone 
Ave
rage 
74.3     
      
 Location 3    
 95 65 28 sa plateau 
sandstone 
 60 40 34 r plateau 
sandstone 
 70 60 26 sr weathered 
plateau 
sandstone 
 74 54 26 r weathered 
plateau 
sandstone 
 80 65 30 r weathered 
plateau 
sandstone 
 73 68 46 sr weathered 
plateau 
sandstone 
 60 48 10 sa plateau 
sandstone 
 68 50 21 sr plateau 
sandstone 
 60 51 38 r weathered 
plateau 
sandstone 
 46 50 29 r plateau 
sandstone 
Ave
rage 
68.6     
      
 Location 4    
 90 54 23 r plateau 
sandstone 
 65 50 12 sr weathered 
plateau 
sandstone 
 62 32 13 r plateau 
sandstone 
 66 26 15 sr plateau 
sandstone 
 56 50 24 r weathered 
plateau 
sandstone 
 73 56 18 sr plateau 
sandstone 
 62 34 29 sr plateau 
sandstone 
 46 42 20 r plateau 
sandstone 
 59 43 16 r plateau 
sandstone 
 60 33 24 sr weathered 
plateau 
sandstone 
Ave
rage 
63.9     
      
 Fishing Creek 
Fourth Bar 
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 Location 1    
 78 54 7 sa plateau 
sandstone 
 33 26 17 r plateau 
sandstone 
 22 34 18 r plateau 
sandstone 
 53 43 7 sa weathered 
plateau 
sandstone 
 35 27 8 sr weathered 
plateau 
sandstone 
 47 28 15 r plateau 
sandstone 
 43 30 12 r plateau 
sandstone 
 53 38 9 sa plateau 
sandstone 
 44 28 8 sr weathered 
plateau 
sandstone 
 41 34 18 r weathered 
plateau 
sandstone 
Ave
rage 
44.9     
      
 Location 2    
 50 35 19 r plateau 
sandstone 
 41 37 14 r plateau 
sandstone 
 60 37 15 r plateau 
sandstone 
 73 57 18 sa plateau 
sandstone 
 41 38 15 r weathered 
plateau 
sandstone 
 59 43 16 r plateau 
sandstone 
 25 25 8 sr plateau 
sandstone 
 56 45 20 r weathered 
plateau 
sandstone 
 40 38 11 r plateau 
sandstone 
 40 23 16 r weathered 
plateau 
sandstone 
Ave
rage 
48.5     
      
 Location 3    
 51 24 18 r plateau 
sandstone 
 60 50 6 sa plateau 
sandstone 
 50 37 15 r weathered 
plateau 
sandstone 
 38 36 7 sa plateau 
sandstone 
 38 40 6 sr plateau 
sandstone 
 41 22 17 sr plateau 
sandstone 
 35 23 17 r weathered 
plateau 
sandstone 
 37 34 8 sr plateau 
sandstone 
 48 38 10 r plateau 
sandstone 
 57 32 7 r weathered 
plateau 
sandstone 
Ave
rage 
45.5     
      
 Location 4    
 47 18 12 sr plateau 
sandstone 
 39 14 14 r plateau 
sandstone 
 69 30 10 sr weathered 
plateau 
sandstone 
 44 27 21 r plateau 
sandstone 
 33 27 7 r plateau 
sandstone 
 41 25 12 r plateau 
sandstone 
 39 30 8 sr plateau 
sandstone 
 29 29 13 sa plateau 
sandstone 
 39 20 10 r plateau 
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sandstone 
 35 24 13 r plateau 
sandstone 
Ave
rage 
41.5     
      
 Location 5    
 32 19 19 r weathered 
plateau 
sandstone 
 38 25 9 sa plateau 
sandstone 
 37 27 6 r plateau 
sandstone 
 32 18 9 sr plateau 
sandstone 
 30 22 9 sr plateau 
sandstone 
 31 19 10 r weathered 
plateau 
sandstone 
 25 25 17 r plateau 
sandstone 
 21 21 17 sr plateau 
sandstone 
 24 24 13 sr plateau 
sandstone 
 36 36 17 r weathered 
plateau 
sandstone 
Ave
rage 
30.6     
      
 Fishing Creek 
Fifth Bar 
  
 Location 1    
 32 29 6 sr plateau 
sandstone 
 33 23 8 r plateau 
sandstone 
 35 23 3 r local 
 33 24 14 r plateau 
sandstone 
 26 17 9 r plateau 
sandstone 
 28 10 10 sr plateau 
sandstone 
 20 18 10 sr weathered 
plateau 
sandstone 
 35 14 11 r plateau 
sandstone 
 25 25 10 r plateau 
sandstone 
 31 18 5 sa plateau 
sandstone 
Ave
rage 
29.8     
      
 Location 2    
 50 24 16 r plateau 
sandstone 
 30 17 13 r plateau 
sandstone 
 35 26 7 r plateau 
sandstone 
 36 15 2 sa plateau 
sandstone 
 52 22 4 sa plateau 
sandstone 
 39 22 5 sa plateau 
sandstone 
 31 22 10 r weathered 
plateau 
sandstone 
 28 22 12 r plateau 
sandstone 
 23 26 1.5 sa plateau 
sandstone 
 43 42 22 r plateau 
sandstone 
Ave
rage 
36.7     
      
 Location 3    
 32 29 24 sr plateau 
sandstone 
 45 18 18 sa local 
 80 15 10 sr plateau 
sandstone 
 25 20 8 sa plateau 
sandstone 
 31 38 6 sa plateau 
sandstone 
 32 21 12 r plateau 
sandstone 
 30 19 14 sr plateau 
sandstone 
 24 19 17 r plateau 
sandstone 
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 28 19 8 sa local 
 32 21 9 r plateau 
sandstone 
Ave
rage 
35.9     
      
 Location 4    
 20 16 2.5 sa plateau 
sandstone 
 28 17 11 r plateau 
sandstone 
 27 16 6 r plateau 
sandstone 
 23 16 6 r plateau 
sandstone 
 24 15 2.5 r plateau 
sandstone 
 25 16 4 sa plateau 
sandstone 
 25 18 3 sr plateau 
sandstone 
 26 13 3 r plateau 
sandstone 
 43 24 20 r plateau 
sandstone 
 31 23 11 r plateau 
sandstone 
Ave
rage 
27.2     
      
 Fishing Creek 
Downstream Bar 
 
 Location 1    
 36 22 5 r plateau 
sandstone 
 28 12 7 sa local 
 30 15 5 r plateau 
sandstone 
 39 14 5 r plateau 
sandstone 
 27 13 8 r plateau 
sandstone 
 36 25 5 r local 
 42 22 7 sa plateau 
sandstone 
 25 17 11 r plateau 
sandstone 
 28 21 15 r plateau 
sandstone 
 22 23 4 sa local 
Ave
rage 
31.3     
      
 Location 2    
 28 19 12 r plateau 
sandstone 
 22 10 7 r plateau 
sandstone 
 16 12 3 sr plateau 
sandstone 
 27 9 3 sa plateau 
sandstone 
 16 11 5 sr plateau 
sandstone 
 15 12 7 r plateau 
sandstone 
 20 6 5 r plateau 
sandstone 
 22 6 5 r plateau 
sandstone 
 15 11 3 r weathered 
plateau 
sandstone 
 18 13 3 sr plateau 
sandstone 
Ave
rage 
19.9     
      
 Location 3    
 20 12 7 r plateau 
sandstone 
 20 11 11 r plateau 
sandstone 
 16 14 4 r plateau 
sandstone 
 14 10 9 r weathered 
plateau 
sandstone 
 23 19 12 r plateau 
sandstone 
 23 16 13 sr plateau 
sandstone 
 25 7 7 r plateau 
sandstone 
 22 8 6 sr plateau 
sandstone 
 16 13 11 r weathered 
plateau 
sandstone 
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 18 11 6 r plateau 
sandstone 
Ave
rage 
19.7     
      
 Location 4    
 21 14 7 sr plateau 
sandstone 
 22 14 4.5 r plateau 
sandstone 
 25 17 4 sr plateau 
sandstone 
 28 15 6 sa local 
 24 16 8 sa local 
 25 16 5 sr plateau 
sandstone 
 25 15 7 sa local 
 18 17 5 r local 
 33 12 10 r plateau 
sandstone 
 24 14 4 sr plateau 
sandstone 
Ave
rage 
24.5     
      
 Location 5    
 20 17 4 sr plateau 
sandstone 
 24 16 7 r plateau 
sandstone 
 19 13 11 r plateau 
sandstone 
 23 8 6 r plateau 
sandstone 
 23 12 2.5 sr plateau 
sandstone 
 25 14 4 sa plateau 
sandstone 
 21 11 6 sr plateau 
sandstone 
 23 9 4 r plateau 
sandstone 
 22 18 11 sa plateau 
sandstone 
 21 9 5 sr plateau 
sandstone 
Ave
rage 
22.1     
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Muncy Creek Downstream Fining Data 
 
 Muncy Creek 
Upstream Bar 
   
 Location 1     
 159 105 26 s
r 
plateau sandstone 
 97 69 18 s
r 
plateau sandstone 
 50 42 21 s
a 
plateau sandstone 
 84 46 13 s
a 
local  
 62 54 20 r local  
 58 34 14 s
r 
plateau sandstone 
 43 30 26 r plateau sandstone 
 55 32 19 r weathered plateau 
sandstone 
 61 43 12 r plateau sandstone 
 60 43 18 s
r 
weathered plateau 
sandstone 
Aver
age 
72.9      
       
 Location 2     
 127 66 42 s
r 
plateau sandstone 
 80 42 6 r plateau sandstone 
 60 45 18 s
a 
local  
 60 36 20 r plateau sandstone 
 84 57 18 r plateau sandstone 
 70 45 22 s
r 
plateau sandstone 
 70 40 27 r plateau sandstone 
 100 47 32 s
r 
plateau sandstone 
 84 48 7 s
r 
plateau sandstone 
 65 46 14 r plateau sandstone 
Aver
age 
80      
       
 Location 3     
 127 60 11 s
a 
local  
 90 50 15 s
r 
local  
 64 57 10 s
r 
weathered plateau 
sandstone 
 66 52 9 s
r 
local  
 61 49 10 r plateau sandstone 
 54 50 9 r plateau sandstone 
 55 30 23 s
r 
weathered plateau 
sandstone 
 53 40 18 r plateau sandstone 
 46 39 12 r plateau sandstone 
 50 35 26 r plateau sandstone 
Aver
age 
66.6      
       
 Location 4     
 70 63 10 s
a 
local  
 79 27 24 r plateau sandstone 
 67 40 8 r plateau sandstone 
 94 61 18 s
r 
local  
 81 47 13 r weathered plateau 
sandstone 
 53 40 11 s
r 
plateau sandstone 
 57 49 20 r local  
 59 47 6 r plateau sandstone 
 71 41 16 r plateau sandstone 
 75 50 28 r plateau sandstone 
Aver
age 
70.6      
       
 Muncy Creek 
Second Bar 
   
 Location 1     
 63 60 12 s
a 
local  
 56 54 6 s
r 
plateau sandstone 
 154 96 13 s
a 
local  
 73 50 23 r plateau sandstone 
 90 71 10 s
a 
local  

  
 75 44 15 s
r 
local  
 75 45 27 r plateau sandstone 
 54 42 19 s
a 
local  
 70 33 13 s
a 
local  
 64 47 29 r weathered plateau 
sandstone 
Aver
age 
77.4      
       
 Location 2     
 87 40 12 s
a 
local  
 99 61 20 s
a 
local  
 90 50 12 s
r 
plateau sandstone 
 87 75 12 s
a 
local  
 75 36 12 r plateau sandstone 
 78 48 26 s
r 
local  
 76 52 32 r plateau sandstone 
 116 83 14 s
a 
local  
 81 56 17 r plateau sandstone 
 57 56 18 s
r 
plateau sandstone 
Aver
age 
84.6      
       
 Location 3     
 85 56 21 s
a 
local  
 68 67 30 r plateau sandstone 
 84 57 21 s
a 
local  
 125 85 12 s
a 
local  
 80 47 9 s
a 
local  
 85 57 12 s
a 
local  
 71 63 17 s
r 
local  
 115 71 15 s
a 
local  
 121 70 23 s
r 
local  
 103 86 8 s
a 
local  
Aver
age 
93.7      
       
 Location 4     
 90 70 27 s
r 
plateau sandstone 
 113 88 14 s
r 
local  
 125 70 19 s
r 
plateau sandstone 
 114 82 13 s
r 
local  
 95 61 12 s
a 
local  
 70 60 17 r plateau sandstone 
 128 70 14 s
r 
plateau sandstone 
 111 34 15 s
a 
local  
 150 45 17 s
a 
local  
 141 40 9 s
a 
local  
Aver
age 
113.7      
       
 Location 5     
 90 40 23 s
r 
local  
 53 33 12 r plateau sandstone 
 67 40 6 s
a 
local  
 68 43 16 s
a 
local  
 50 33 12 s
a 
local  
 45 32 11 r plateau sandstone 
 60 30 6 s
a 
local  
 62 30 21 s
r 
local  
 50 31 8 r plateau sandstone 
 74 43 10 s
r 
plateau sandstone 
Aver 61.9      
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age 
       
 Muncy Creek 
Third Bar 
   
 Location 1     
 85 42 23 s
r 
plateau sandstone 
 32 29 18 r plateau sandstone 
 50 38 5 r weathered plateau 
sandstone 
 35 29 9 s
r 
plateau sandstone 
 42 25 17 r plateau sandstone 
 49 30 14 s
r 
plateau sandstone 
 38 24 18 r plateau sandstone 
 36 20 19 r plateau sandstone 
 39 22 14 r weathered plateau 
sandstone 
 43 32 7 s
r 
weathered plateau 
sandstone 
Aver
age 
44.9      
       
 Location 2     
 49 32 6 s
r 
plateau sandstone 
 42 22 10 r plateau sandstone 
 45 19 6 s
r 
plateau sandstone 
 49 30 9 s
a 
plateau sandstone 
 52 27 17 r plateau sandstone 
 32 17 14 r plateau sandstone 
 49 22 15 s
r 
plateau sandstone 
 33 31 5 r plateau sandstone 
 61 32 31 s
r 
plateau sandstone 
 41 32 3 s
a 
plateau sandstone 
Aver
age 
45.3      
       
 Location 3     
 37 34 13 r weathered plateau 
sandstone 
 45 20 5 r plateau sandstone 
 39 37 10 s
a 
plateau sandstone 
 51 26 7 s
a 
plateau sandstone 
 28 26 11 r weathered plateau 
sandstone 
 54 19 13 r plateau sandstone 
 65 20 13 r weathered plateau 
sandstone 
 37 31 15 s
r 
weathered plateau 
sandstone 
 37 27 13 s
r 
plateau sandstone 
 45 32 15 r plateau sandstone 
Aver
age 
43.8      
       
 Location 4     
 50 24 15 r weathered plateau 
sandstone 
 34 21 17 s
a 
plateau sandstone 
 78 42 15 s
a 
weathered plateau 
sandstone 
 52 40 6 s
a 
plateau sandstone 
 28 27 22 s
r 
plateau sandstone 
 47 24 7 s
r 
plateau sandstone 
 42 25 4 s
a 
plateau sandstone 
 39 28 15 r plateau sandstone 
 40 34 12 r plateau sandstone 
 35 28 17 s
r 
plateau sandstone 
Aver
age 
44.5      
       
 Muncy Creek 
Downstream Bar 
  
 Location 1     
 41 26 8 s
r 
plateau sandstone 
 44 21 11 r plateau sandstone 
 40 31 6 s
r 
plateau sandstone 

  
 35 28 15 r plateau sandstone 
 37 23 20 s
r 
plateau sandstone 
 62 41 6 s
a 
plateau sandstone 
 58 21 9 s
a 
plateau sandstone 
 44 24 15 r plateau sandstone 
 43 23 8 s
a 
plateau sandstone 
 51 20 9 s
r 
plateau sandstone 
Aver
age 
45.5      
       
 Location 2     
 41 34 24 r plateau sandstone 
 52 32 17 r plateau sandstone 
 59 35 7 r plateau sandstone 
 53 39 16 s
r 
plateau sandstone 
 37 36 12 s
r 
plateau sandstone 
 51 33 12 r plateau sandstone 
 46 23 10 r plateau sandstone 
 40 25 15 r plateau sandstone 
 45 36 16 s
r 
plateau sandstone 
 59 36 14 s
r 
plateau sandstone 
Aver
age 
48.3      
       
 Location 3     
 45 26 16 r plateau sandstone 
 45 28 5 r plateau sandstone 
 47 34 10 s
r 
plateau sandstone 
 57 34 16 s
a 
plateau sandstone 
 38 25 12 s
r 
plateau sandstone 
 36 29 11 s
r 
plateau sandstone 
 58 36 13 s
r 
plateau sandstone 
 41 30 11 r plateau sandstone 
 32 36 15 r plateau sandstone 
 45 30 12 r plateau sandstone 
Aver
age 
44.4      
       
 Location 4     
 103 56 13 s
r 
plateau sandstone 
 52 57 16 r plateau sandstone 
 56 41 21 s
r 
plateau sandstone 
 76 56 20 s
r 
plateau sandstone 
 82 63 14 s
a 
plateau sandstone 
 105 52 30 s
r 
plateau sandstone 
 84 57 20 s
r 
plateau sandstone 
 100 70 18 s
a 
plateau sandstone 
 78 62 12 s
a 
plateau sandstone 
 62 35 15 r plateau sandstone 
Aver
age 
79.8      
       
 Location 5     
 62 41 21 s
r 
plateau sandstone 
 64 61 12 s
r 
plateau sandstone 
 53 33 19 s
a 
plateau sandstone 
 54 65 19 s
r 
plateau sandstone 
 60 35 17 r plateau sandstone 
 90 33 11 s
r 
plateau sandstone 
 47 42 13 r plateau sandstone 
 56 43 15 r plateau sandstone 
 62 45 10 s
r 
plateau sandstone 
 76 40 15 s
a 
plateau sandstone 
Aver
age 
62.4      

  
Loyalsock Creek Downstream Fining 
Data 
 
 Loyalsock Creek 
Upstream Bar 
 
 Location 1     
 116 64 60 sr plateau 
sandstone 
 110 79 39 sr plateau 
sandstone 
 161 57 38 sr plateau 
sandstone 
 180 146 22 sa plateau 
sandstone 
 100 78 16 sa plateau 
sandstone 
 138 128 23 sr plateau 
sandstone 
 151 74 59 sr plateau 
sandstone 
 104 86 41 sr plateau 
sandstone 
 105 60 44 sr plateau 
sandstone 
 88 65 42 sr plateau 
sandstone 
Aver
age 
125.3     
      
 Location 2    
 164 105 68 sr plateau 
sandstone 
 145 102 48 sa plateau 
sandstone 
 95 90 47 r plateau 
sandstone 
 155 59 34 r plateau 
sandstone 
 100 62 53 r plateau 
sandstone 
 176 75 65 sr plateau 
sandstone 
 123 61 22 sr plateau 
sandstone 
 250 115 25 sr plateau 
sandstone 
 105 100 42 r plateau 
sandstone 
 190 98 76 r weathered 
plateau 
sandstone 
Aver
age 
150.3     
      
 Location 3    
 161 99 65 sr weathered 
plateau 
sandstone 
 200 147 32 sa plateau 
sandstone 
 202 57 29 sr weathered 
plateau 
sandstone 
 103 93 27 r plateau 
sandstone 
 122 69 22 sr plateau 
sandstone 
 96 82 26 sa plateau 
sandstone 
 239 134 25 sa plateau 
sandstone 
 102 100 35 r plateau 
sandstone 
 101 54 27 r plateau 
sandstone 
 100 86 20 sr plateau 
sandstone 
Aver
age 
142.6     
      
 Location 4    
 177 84 80 sr plateau 
sandstone 
 139 101 30 sr weathered 
plateau 
sandstone 
 166 68 31 sr plateau 
sandstone 
 103 59 45 sr plateau 
sandstone 
 87 64 40 sr plateau 
sandstone 
 95 72 44 sr plateau 
sandstone 
 119 59 24 sa plateau 
sandstone 
 84 83 16 r plateau 
sandstone 
 79 72 39 r plateau 
sandstone 

  
 181 81 50 sr plateau 
sandstone 
Aver
age 
123     
      
 Location 5    
 110 64 34 sr plateau 
sandstone 
 193 60 30 sr plateau 
sandstone 
 86 55 26 sr plateau 
sandstone 
 100 49 16 sr plateau 
sandstone 
 76 73 69 r plateau 
sandstone 
 90 46 44 sa plateau 
sandstone 
 179 100 59 sr plateau 
sandstone 
 171 60 36 sa plateau 
sandstone 
 79 65 47 sr plateau 
sandstone 
 67 64 35 r plateau 
sandstone 
Aver
age 
115.1     
      
 Loyalsock Creek 
Second Bar 
  
 Location 1    
 61 40 27 r plateau 
sandstone 
 65 40 18 r plateau 
sandstone 
 85 46 25 sr plateau 
sandstone 
 62 46 20 r plateau 
sandstone 
 67 35 7 sa plateau 
sandstone 
 59 42 12 sr plateau 
sandstone 
 70 40 23 sr plateau 
sandstone 
 60 43 15 sr plateau 
sandstone 
 53 47 20 sr plateau 
sandstone 
 63 40 15 sr plateau 
sandstone 
Aver
age 
64.5     
      
 Location 2    
 75 57 20 r plateau 
sandstone 
 51 42 13 r plateau 
sandstone 
 77 47 19 r plateau 
sandstone 
 61 47 15 sa weathered 
plateau 
sandstone 
 65 38 31 sr plateau 
sandstone 
 72 27 21 r plateau 
sandstone 
 66 48 20 r plateau 
sandstone 
 62 31 18 r plateau 
sandstone 
 75 58 17 r plateau 
sandstone 
 90 65 18 r plateau 
sandstone 
Aver
age 
69.4     
      
 Location 3    
 86 66 22 sr plateau 
sandstone 
 110 85 12 sa plateau 
sandstone 
 181 145 13 sr plateau 
sandstone 
 95 91 25 r plateau 
sandstone 
 64 60 21 sr plateau 
sandstone 
 71 56 14 r plateau 
sandstone 
 100 60 11 sr plateau 
sandstone 
 100 63 12 sr weathered 
plateau 
sandstone 
 86 66 19 r weathered 
plateau 

  
sandstone 
 68 61 20 sr plateau 
sandstone 
Aver
age 
96.1     
      
 Location 4    
 95 78 22 sr plateau 
sandstone 
 72 58 40 sr plateau 
sandstone 
 101 78 47 sr plateau 
sandstone 
 86 44 32 r plateau 
sandstone 
 90 58 39 r plateau 
sandstone 
 84 63 30 sr plateau 
sandstone 
 90 53 27 sr plateau 
sandstone 
 92 85 20 sr plateau 
sandstone 
 90 75 21 sr plateau 
sandstone 
 88 50 21 sr plateau 
sandstone 
Aver
age 
88.8     
      
 Loyalsock Creek 
Third Bar 
  
 Location 1    
 52 16 16 r weathered 
plateau 
sandstone 
 52 22 20 r weathered 
plateau 
sandstone 
 40 20 13 r plateau 
sandstone 
 27 22 18 r plateau 
sandstone 
 43 21 15 sr plateau 
sandstone 
 38 23 15 r plateau 
sandstone 
 36 27 15 r plateau 
sandstone 
 35 20 9 r plateau 
sandstone 
 34 29 15 r plateau 
sandstone 
 35 20 17 r plateau 
sandstone 
Aver
age 
39.2     
      
 Location 2    
 61 31 31 r plateau 
sandstone 
 64 29 12 r plateau 
sandstone 
 43 38 18 r plateau 
sandstone 
 42 39 14 r plateau 
sandstone 
 38 23 18 sr plateau 
sandstone 
 33 15 15 r plateau 
sandstone 
 34 27 13 r plateau 
sandstone 
 39 18 12 r weathered 
plateau 
sandstone 
 46 27 19 r plateau 
sandstone 
 40 25 11 r plateau 
sandstone 
Aver
age 
44     
      
 Location 3    
 45 33 25  plateau 
sandstone 
 45 34 16 r plateau 
sandstone 
 42 55 19 r plateau 
sandstone 
 55 36 16 r plateau 
sandstone 
 40 36 20 r plateau 
sandstone 
 40 51 21 r plateau 
sandstone 
 69 33 18 r plateau 
sandstone 
 54 28 18 sr weathered 
plateau 

  
sandstone 
 49 32 14 sr plateau 
sandstone 
 50 33 15 sr plateau 
sandstone 
Aver
age 
48.9     
      
 Location 4    
 52 33 20 sr plateau 
sandstone 
 37 34 20 r plateau 
sandstone 
 62 55 8 sa local 
 53 36 11 r plateau 
sandstone 
 57 26 10 r plateau 
sandstone 
 73 51 8 sa plateau 
sandstone 
 38 33 18 r plateau 
sandstone 
 40 28 19 r plateau 
sandstone 
 47 32 17 r plateau 
sandstone 
 39 33 23 r plateau 
sandstone 
Aver
age 
49.8     
      
 Location 5    
 50 43 13 sr plateau 
sandstone 
 32 36 12 sr plateau 
sandstone 
 62 31 9 sa local 
 66 32 16 r plateau 
sandstone 
 46 40 12 r plateau 
sandstone 
 57 45 12 sr plateau 
sandstone 
 58 33 30 r plateau 
sandstone 
 73 30 15 sr plateau 
sandstone 
 50 47 6 sa local 
 37 33 25 r plateau 
sandstone 
Aver
age 
53.1     
      
 Loyalsock Creek 
Fourth Bar 
  
 Location 1    
 63 48 44 r weathered 
plateau 
sandstone 
 53 37 14 r plateau 
sandstone 
 112 69 41 sr weathered 
plateau 
sandstone 
 67 58 37 r weathered 
plateau 
sandstone 
 85 61 30 r weathered 
plateau 
sandstone 
 65 61 11 sr plateau 
sandstone 
 45 44 32 r weathered 
plateau 
sandstone 
 54 46 25 r plateau 
sandstone 
 50 46 16 sr plateau 
sandstone 
 48 34 21 r plateau 
sandstone 
Aver
age 
64.2     
      
 Location 2    
 47 34 15 sr plateau 
sandstone 
 39 25 10 r weathered 
plateau 
sandstone 
 52 27 15 r plateau 
sandstone 
 36 26 11 r plateau 
sandstone 
 36 22 12 r weathered 
plateau 
sandstone 
 36 25 15 r plateau 
sandstone 

  
 40 30 14 r weathered 
plateau 
sandstone 
 49 31 8 sr plateau 
sandstone 
 32 23 19 r weathered 
plateau 
sandstone 
 44 28 7 sr plateau 
sandstone 
Aver
age 
41.1     
      
 Location 3    
 37 18 15 r plateau 
sandstone 
 40 34 26 r plateau 
sandstone 
 32 27 16 r plateau 
sandstone 
 42 23 12 r weathered 
plateau 
sandstone 
 49 20 10 r weathered 
plateau 
sandstone 
 48 24 5 sr plateau 
sandstone 
 36 28 23 r plateau 
sandstone 
 47 33 29 r weathered 
plateau 
sandstone 
 41 20 14 r weathered 
plateau 
sandstone 
 55 40 7 sr weathered 
plateau 
sandstone 
Aver
age 
42.7     
      
 Location 4    
 42 22 12 r plateau 
sandstone 
 29 16 13 r plateau 
sandstone 
 44 15 12 r plateau 
sandstone 
 47 26 15 r plateau 
sandstone 
 41 33 5 sa plateau 
sandstone 
 63 33 24 r plateau 
sandstone 
 46 21 7 sa plateau 
sandstone 
 36 16 10 r plateau 
sandstone 
 40 34 15 r plateau 
sandstone 
 59 21 8 r plateau 
sandstone 
Aver
age 
44.7     
      
 Location 5    
 64 40 20 sr plateau 
sandstone 
 71 30 16 r plateau 
sandstone 
 63 30 25 r plateau 
sandstone 
 51 31 11 rs
r 
plateau 
sandstone 
 39 21 18 r plateau 
sandstone 
 27 24 13 r plateau 
sandstone 
 38 27 10 r plateau 
sandstone 
 38 25 5 sr weathered 
plateau 
sandstone 
 35 15 10 sr plateau 
sandstone 
 47 21 10 r plateau 
sandstone 
Aver
age 
47.3     
      
 Loyalsock Creek 
Downstream Bar 
 
 Location 1    
 76 35 5 sa local 
 46 26 22 r plateau 
sandstone 
 80 26 10 sr local 
 46 32 18 r plateau 

  
sandstone 
 54 38 8 sr local 
 39 22 20 r plateau 
sandstone 
 60 57 6 sa local 
 45 24 10 r plateau 
sandstone 
 47 50 13 sr plateau 
sandstone 
 83 74 5 sa local 
Aver
age 
57.6     
      
 Location 2    
 37 30 18 r plateau 
sandstone 
 45 25 22 r plateau 
sandstone 
 42 23 15 r weathered 
plateau 
sandstone 
 35 32 13 r weathered 
plateau 
sandstone 
 37 29 15 r plateau 
sandstone 
 68 33 8 sa local 
 52 35 7 sa local 
 38 32 21 r plateau 
sandstone 
 45 34 26 r plateau 
sandstone 
 44 25 22 r plateau 
sandstone 
Aver
age 
44.3     
      
 Location 3    
 25 24 18 r plateau 
sandstone 
 38 28 17 r plateau 
sandstone 
 30 26 12 r plateau 
sandstone 
 31 25 14 r plateau 
sandstone 
 46 32 12 r plateau 
sandstone 
 38 22 13 r plateau 
sandstone 
 32 22 10 r plateau 
sandstone 
 31 30 9 r plateau 
sandstone 
 32 25 10 r plateau 
sandstone 
 35 25 4 sa local 
 36 21 15 sr plateau 
sandstone 
Aver
age 
34.9     
      
 Location 4    
 30 20 15 r plateau 
sandstone 
 30 21 17 sr plateau 
sandstone 
 31 21 10 r plateau 
sandstone 
 47 35 13 r weathered 
plateau 
sandstone 
 42 26 9 r weathered 
plateau 
sandstone 
 39 24 10 sa local 
 36 29 9 r plateau 
sandstone 
 54 31 8 sa local 
 36 14 10 r plateau 
sandstone 
 34 19 7 r plateau 
sandstone 
Aver
age 
37.9     
      
 Location 5    
 30 18 15 r plateau 
sandstone 
 22 20 17 r plateau 
sandstone 
 20 20 10 r plateau 
sandstone 
 22 17 13 r plateau 
sandstone 
 23 14 9 r plateau 
sandstone 

  
 27 17 10 sr plateau 
sandstone 
 23 14 9 r weathered 
plateau 
sandstone 
 25 10 8 r plateau 
sandstone 
 47 31 10 sr plateau 
sandstone 
 34 21 7 sr weathered 
plateau 
sandstone 
Aver
age 
27.3     
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